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Abstract. Biomass burning in tropical Asia emits large
amounts of trace gases and particulate matter into the atmo-
sphere, which has signiﬁcant implications for atmospheric
chemistry and climatic change. In this study, emissions from
open biomass burning over tropical Asia were evaluated dur-
ing seven ﬁre years from 2000 to 2006 (1 March 2000–31
February 2007). The size of the burned areas was estimated
from newly published 1-km L3JRC and 500-m MODIS
burned area products (MCD45A1). Available fuel loads and
emission factors were assigned to each vegetation type in a
GlobCover characterisation map, and fuel moisture content
was taken into account when calculating combustion factors.
Over the whole period, both burned areas and ﬁre emissions
showed clear spatial and seasonal variations. The size of
the L3JRC burned areas ranged from 36031km2 in ﬁre year
2005 to 52303km2 in 2001, and the MCD45A1 burned ar-
eas ranged from 54790km2 in ﬁre year 2001 to 148967km2
in 2004. Comparisons of L3JRC and MCD45A1 burned
areas using ground-based measurements and other satellite
data were made in several major burning regions, and the
results suggest that MCD45A1 generally performed better
than L3JRC, although with a certain degree of underesti-
mation in forest areas. The average annual L3JRC-based
emissions were 123 (102–152), 12 (9–15), 1.0 (0.7–1.3), 1.9
(1.4–2.6), 0.11 (0.09–0.12), 0.89 (0.63–1.21), 0.043 (0.036–
0.053), 0.021 (0.021–0.023), 0.41 (0.34–0.52), 3.4 (2.6–4.3),
and 3.6 (2.8–4.7) Tgyr−1 for CO2, CO, CH4, NMHCs, NOx,
NH3, SO2, BC, OC, PM2.5, and PM10, respectively, whereas
MCD45A1-based emissions were 122 (108–144), 9.3 (7.7–
11.7), 0.63 (0.46–0.86), 1.1 (0.8–1.6), 0.11 (0.10–0.13), 0.54
(0.38–0.76), 0.043 (0.038–0.051), 0.033 (0.032–0.037), 0.39
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(0.34–0.47), 3.0 (2.6–3.7), and 3.3 (2.8–4.0) Tgyr−1. Forest
burning was identiﬁed as the major source of the ﬁre emis-
sions due to its high carbon density. Although agricultural
burning was the second highest contributor, it is possible that
some crop residue combustion was missed by satellite obser-
vations. This possibility is supported by comparisons with
previously published data, and this result may be due to the
small size of the ﬁeld crop residue burning. Fire emissions
were mainly concentrated in Indonesia, India, Myanmar, and
Cambodia. Furthermore, the peak in the size of the burned
area was generally found in the early ﬁre season, whereas the
maximum ﬁre emissions often occurred in the late ﬁre sea-
son.
1 Introduction
Biomass burning is an important source of atmospheric trace
gases and particulate matter, which may exert a signiﬁcant
inﬂuence on climate and atmospheric chemistry, particularly
in the tropics (Seiler and Crutzen, 1980; Hao and Liu, 1994).
Fires are widely used in tropical regions for deforestation,
shifting cultivation, and clearance of agricultural residue
(Crutzen and Andreae, 1990; Hao et al., 1990). In the trop-
ics, both the surface vegetation and the underlying peat con-
stitute large and highly concentrated carbon pools (Brown
et al., 1993). Previous studies have statistically evaluated the
carbonreleasedfromtropicalbiomassburningandfoundthat
it varied between 1.8 and 4.7Pgyr−1 (Seiler and Crutzen,
1980; Crutzen and Andreae, 1990; Hao et al., 1990; Hao
and Liu, 1994). Recently, many studies evaluating ﬁre emis-
sions have taken advantage of satellite data products, e.g.,
the AVHRR ﬁre count product (Setzer and Pereira, 1991),
GBA2000 product (Ito and Penner, 2004; Korontzi, 2005),
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VIRS ﬁre count product and MODIS burned-area dataset (Ito
et al., 2007). However, many of these studies were primarily
conducted in Africa and Amazonia.
Tropical Asia is considered to be the highest biomass-
burning region in Asia and has experienced some of the most
severe wildland ﬁre events under extreme climatic conditions
(Chandra et al., 2002; Page et al., 2002; Streets et al., 2003).
In addition, the peatland area in Southeast Asia covers ap-
proximately 26millionha, accounting for 69% of all tropical
peatland (Rieley and Page, 2005). Approximately 26–50Gt
carbon has accumulated in this peatland over thousands of
years, and it thus represents an important carbon sink (Page
et al., 2002). Due to major changes in land-use and particu-
larly through extensive wildﬁres, a signiﬁcant fraction of this
will be released into the atmosphere (Shimada et al., 2000).
The total amount of carbon emitted per year via the burning
of tropical Asian biomass has been estimated at 238Tgyr−1
in the 1990s (Streets et al., 2003), 62.8–99.7Tgyr−1 in 2000
(Hoelzemann et al., 2004; Ito and Penner, 2004; Kasischke
and Penner, 2004), and 420Tgyr−1 in the interval 1997–
2004 (van der Werf et al., 2006). Some studies concern-
ing biomass burning have been undertaken in speciﬁc regions
throughouttropicalAsia, e.g., inIndonesia(Pageetal., 2002;
LangnerandSiegert, 2009)andinIndia(Venkataramanetal.,
2006; Vadrevu et al., 2008). Streets et al. (2003) used pub-
lished data to quantify the amount of emitted species from
openbiomassburninginAsia, andMicheletal.(2005)devel-
oped an emission inventory of Asian biomass burning based
on the GBA2000 algorithm. In addition, van der Werf et
al. (2008) estimated the ﬁre emissions in equatorial Asia be-
tween 2000 and 2006 using Measurements of Pollution in the
Troposphere (MOPITT). However, these studies were either
limited in time or had a relatively coarse spatiotemporal res-
olution. Accordingly, a longer-term, higher-resolution study
into the emissions from biomass burning in tropical Asia is
required.
More recently, multi-year global burned-area products
with medium spatial resolution (1km or 500m) and high
temporal resolution have been released for public use: the
L3JRC product (Tansey et al., 2008) and the MODIS burned-
area product (MCD45A1) (Roy et al., 2008). We used these
two burned-area products to estimate the amount of certain
emissions (CO2, CO, CH4, NMHCs, NOx, NH3, SO2, BC,
OC, PM2.5, and PM10) from open biomass burning in trop-
ical Asia (see Fig. 1) for seven ﬁre years between 2000
and 2006. In this study, each ﬁre year represents the inter-
val between March and the February of the following year
(Boschetti and Roy, 2008). Both L3JRC- and MCD45A1-
based emission inventories have a high temporal resolution
(daily) and medium spatial resolution of 1km (L3JRC) or
500m (MCD45A1) and can be used in the simulation of
global and regional atmospheric chemistry.
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Fig. 1. Study area map and peat distribution based on WRB map
(FAO, 2003).
2 Method and dataset
2.1 Method
The pollutants were mainly released by the burning of ﬁne
and coarse living tissue, ﬁne litter, coarse woody debris
(CWD), and soil organic carbon (SOC), and the method used
to calculate emissions was based on the following equation
described by Seiler and Crutzen (1980):
Emission=A×B×CF×EF, (1)
where A denotes the area burned (m2); B is the available
fuel load (kgDMm−2), which in our study was represented
by the biomass density and mainly consisted of aboveground
ﬁne and coarse fuels (alive and dead) and SOC; CF (combus-
tion factor) is the fraction of available fuels exposed to ﬁres
that are actually burned; and EF is the emission factor for the
emitted pollutants (mass of species per mass of dry matter
burned in gkg−1).
The CFs and EFs are largely dependent on fuel type, mois-
ture content, and the conditions under which combustion
takes place (Shea et al., 1996; Hoffa et al., 1999). In grass-
land and woodland regions, fuel moisture was taken into ac-
count when estimating CFs for grass fuels. Ito and Pen-
ner (2005) developed the relationship between CFs and the
percentage of green grass relative to total grass (PGREEN)
based on measurements made at eight sites in Zambia be-
tween June and September. The Normalised Difference Veg-
etation Index (NDVI) was used to determine PGREEN fol-
lowing Eq. (2) (Kogan, 1997; Burgan et al., 1998):
PGREENt=(NDVIt−NDVImin)/(NDVImax−NDVImin),(2)
where t denotes the month, and NDVImin and NDVImax are
the minimum and maximum of all NDVI values for a given
pixel over the preceding growing season. The NDVI data
were derived from the MODIS Vegetation Indices Monthly
L3 Global 1-km product (MOD13A3). Missing NDVI data
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were replaced with the average values for the same month
from the other years. For the pixels with consistently high
or low NDVI values (e.g., equatorial evergreen forests or
deserts), the NDVI-based method to assess PGREEN was
found to be unreliable (Korontzi, 2005). However, if these
pixels were labelled as burned by the L3JRC or MCD45A1
products, their PGREEN values were deﬁned as the mean
of all PGREEN values for this pixel over the whole ﬁre year.
Previous ﬁeld measurements suggested that coarse woodland
fuels (living woody biomass and CWD) combust when the
CF for ﬁne fuels is greater than 47% (Hoffa et al., 1999).
In this study, a similar CF of 0.3 was used for coarse fuels
in woodland regions (Ito and Penner, 2004). In forested re-
gions, deﬁned as areas with tree cover greater than 60%, it
was assumed both ﬁne fuels and coarse fuels were burned,
so CFs of 0.90 and 0.27 were applied, respectively (Ito and
Penner, 2004).
EFs have been measured for multiple species in labora-
tories, and in airborne and ground-based ﬁeld studies, and
strong seasonality within biomes has been shown (e.g., Shea
et al., 1996; Ferek et al., 1998; Yokelson et al., 2007). In this
study, the EFs used for various compounds were based on
laboratory measurements of representative Indonesian fuel
ﬁres (peat, secondary forest ﬂoor litter, semak, alang-alang,
and rice straw) (Christian et al., 2003). For EFs from non-
agricultural ﬁres not included in the study by Christian et
al. (2003), the values from ﬁres in Brazil were applied, as the
Brazilian ecosystem was considered to be representative of
the ecosystem in Indonesia (Ferek et al., 1998; Christian et
al., 2003). For crop residue burning, we used EFs determined
for developing countries (Yevich and Logan, 2003). When
the EFs for certain emitted species were excluded in the
afore-mentioned publications, the results compiled in An-
dreae and Merlet (2001), which reviewed a number of studies
and compiled EFs for over 100 trace gas species, were used
instead. Summary of the EFs used in this study is listed in
Table 1.
2.2 Dataset
2.2.1 Burned area
In this paper, the L3JRC burned-area product and the Collec-
tion 5 MODIS (MCD45A1) burned-area product were used
to deﬁne the area burned in tropical Asia for seven ﬁre years
from 2000–2006.
The L3JRC product was derived from SPOT VEGETA-
TION sensor detections that have medium spatial (1-km) and
high temporal resolution (daily intervals). A single algorithm
was used to classify burned areas from SPOT VEGETATION
reﬂectance data. The algorithm was successfully used over a
wide geographical area and on various vegetation types, and
it could be adapted for application on a global scale. The
L3JRC product has been evaluated globally against a large
number of Landsat TM and ETM+ image pairs and a number
of regional products derived from in situ or remote means.
Thirteen reference data sets within the Southern Asia region
and Australia (below 35◦ N and 50◦ E) were reviewed, and
the validation results showed that the L3JRC product could
only map 46% of the area burned (Tansey et al., 2008).
The MCD45A1 product uses a change detection algo-
rithm based on a bidirectional reﬂectance model-based ex-
pectation method to map the location and approximate date
of burning at 500-m resolution (Roy et al., 2002). Valida-
tion of the MCD45A1 product has been performed during
the 2001 ﬁre season for 11 locations in southern Africa us-
ing Landsat ETM+ data (Roy and Boschetti, 2009). Results
showed that the MCD45A1 product was capable of capturing
75% of the burned area detected by Landsat data. Compar-
isons with L3JRC and GLOBCARBON Burnt Area Estimate
(BAE) products (European Space Agency, 2006) suggested
that MCD45A1 achieved the highest degree of accuracy, fol-
lowed by GLOBCARBON, and then by L3JRC (Roy and
Boschetti, 2009).
2.2.2 Land cover characterisation
We used the European Space Agency (ESA) GlobCover land
cover product (http://ionia1.esrin.esa.int/index.asp) to deﬁne
the vegetation type in the studied region and to remove non-
vegetated surfaces (e.g., water, snow, deserts, and urban ar-
eas) as a mask. At present, this product is the highest-
resolution (300-m) global land cover dataset available and
covers the period from December 2004 to June 2006. Glob-
Cover is derived from an automatic and regionally tuned
classiﬁcation of the Medium-Resolution Imaging Spectrom-
eter (MERIS) full-resolution (FR) time series. The regional
land cover product for Asia has 43 land cover classes, the
deﬁnitions of which are based on the United Nations’ Land
Cover Classiﬁcation System (LCCS) (Bicheron et al., 2008).
Within our work, the 43 vegetation classes were grouped into
ﬁve broad categories: forest (including broadleaf evergreen,
broadleaf deciduous, needleleaf evergreen, needleleaf decid-
uous, and mixed forest); shrubland (broadleaf or needleleaf,
evergreen or deciduous shrubland); grassland (closed/open
grassland, mosaic vegetation, sparse vegetation); cropland
(post-ﬂooding or irrigated croplands, rainfed croplands, and
mosaiccropland/vegetation); andother(includingbareareas,
water bodies, snow and ice, artiﬁcial surfaces and associated
areas).
The MODIS Vegetation Continuous Fields product (VCF)
was used to provide proportional estimates of vegetative
cover types: woody vegetation, herbaceous vegetation, and
bare ground. This product was derived from all seven 500-m
bands of the MODIS sensor onboard NASA’s Terra satellite
and had a spatial resolution of 500m (Hansen et al., 2003).
Furthermore, this dataset was overlaid onto the GlobCover
vegetationcharacterisationmaptomoreaccuratelydeﬁnethe
land cover type in each pixel.
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Table 1. Emission factors for different species.
Vegetation type Foresta Shrublanda Grasslanda Croplanda Peat areab
CO2
c 1618 1567 1629 1132 3113
COc 113 122 51.6 51 384
CH4
c 5.3 6.4 0.9 2.2 38
NMHCs
d 8.1 3.4 3.4 7.0 77
NOx
c 1.7 1.6 1.1 1.1 1.8
NH3
e 2.9 5.0 0.7 4.1 36
SO2
d 0.57 0.80 0.35 0.40 1.1
BCf 0.66 0.35 0.65 0.69 0.07
OCf 6.8 3.0 5.1 3.3 11.
PM2.5
g 61.6 39.2 6.6 3.9 108
PM10
g 67.0 42.6 7.2 4.2 116
a Units are gram species per kilogram of dry biomass burned.
b Units are gram species per kilogram of carbon burned.
c Values are derived from Christian et al. (2003), and Yevich and Logan (2003).
d Values are derived from Andreae and Merlet (2001).
e Values are from Christian et al. (2003).
f Values are from Andreae and Merlet (2001), Christian et al. (2003), and Ferek et al. (1998).
g Values are from Andreae and Merlet (2001), Christian et al. (2003), and Heil (2007).
The World Reference Base (WRB) Map of World Soil Re-
sources (FAO, 2003) was used to deﬁne the distribution of
peat soils. According to the FAO soil classiﬁcation, peat soils
are referred to as histosols (HS), which are deﬁned as having
an organic (histic) soil horizon of at least 40cm. The spa-
tial distribution of peat soils in tropical Asia is illustrated in
Fig. 1.
2.2.3 Fuel load
Biomass density estimates for tropical Asian forests were
modelled by Brown et al. (1993) using a geographic informa-
tion system. Hao and Liu (1994) and Streets et al., 2003) re-
liedonthebiomassdensityestimationsinBrownetal.(1993)
to determine emissions from tropical Asian biomass burning.
Ito and Penner (2004) calculated the horizontal distribution
of biomass density based on a tree cover data set and po-
tential biomass density data derived by Brown et al. (1993).
Brown (1997) assessed the forest biomass density of devel-
oping countries in the tropics using existing inventories, and
this method of estimation showed greater reliability for na-
tional and global evaluations of the quantity of forest re-
sources. In this study, the density data for forest biomass
in Bangladesh, Cambodia, Malaysia, Myanmar, Philippines,
and Sri Lanka were taken from the results evaluated by
Brown (1997) (Table 2). The district-level biomass density
data in Indian forests were provided by Chhabra and Dad-
hwal (2004), and the forest biomass information for Nepal
was provided by Shrestha and Singh (2008) (Table 2). In ad-
dition, the biomass density values for countries that were not
included within the above publications were complemented
by the data from Brown et al. (1993) (Table 2).
Previous studies indicated that CWD and litterfall were
generally overlooked as potentially signiﬁcant carbon stores
in forested ecosystems (Harmon and Hua, 1991; Matthews,
1997; Liu et al., 2003). Therefore, we used the living tree
biomass data to estimate the CWD pool based on the ra-
tio of CWD to live tree biomass reported by Harmon and
Hua (1991). They suggested that the ratio was 5% for tropi-
cal rain forests, shrublands, and grasslands, and was between
20 and 25% for subtropical, temperate, and boreal forests
(Matthews, 1997). We used the global average litterfall den-
sities for different forest types compiled by Liu et al. (2003),
except for India, where the district-speciﬁc estimates from
Chhabra and Dadhwal (2004) were used.
The amount of biomass in the grass layer depends on lo-
cal annual rainfall (Hao et al., 1990; Ito and Penner, 2004).
Singh and Yadava (1974) analysed the seasonal variation
in plant biomass of tropical grasslands in India and deter-
mined that the monthly aboveground biomass ranged from
0.105kgm−2 in December to 1.974kgm−2 in September. In
our study, an average value of 0.797kgm−2 was used as the
mean grass biomass in India. Hashimotio et al. (2000) mea-
sured the biomass density of alang-alang grassland in Borneo
between June 1993 and October 1994, and the mean value
was 0.336kgm−2. Therefore, this study used 0.336kgm−2
as the mean grass biomass density value for the Indonesia
and Malaysia region (Table 2). Because the updated grass
cover biomass density data for the other tropical Asian coun-
tries were limited, an average value of 0.62kgm−2 was used
(Table 2), which is a typical dry-matter density for grass
loading on a global scale (Christian et al., 2003).
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Table 2. Average aboveground biomass density (kg dry matter m−2) for each country in tropical Asia.
Vegetation type Foresta Shrublandb Grasslandc Croplandd
Bangladesh 12 2.79 0.62 0.09
Bhutan 18 2.79 0.62 0.04
Brunei 32 2.79 0.34 0.01
Cambodia 19 2.79 0.62 0.09
India 9 2.79 0.80 0.07
Indonesia 32 2.79 0.34 0.27
Laos 27 2.79 0.62 0.21
Malaysia 31 2.79 0.34 0.04
Maldives 25 2.79 0.62 0.11
Myanmar 11 2.79 0.62 0.21
Nepal 21 2.63 0.10 0.13
Philippines 39 2.79 0.62 0.28
Singapore 25 2.79 0.62 0.04
Sri Lanka 40 2.79 0.62 0.11
Thailand 19 2.79 0.62 0.20
Timor Leste 14 2.79 0.62 0.21
Vietnam 26 2.79 0.62 0.37
a Values are derived from Brown (1997), Brown et al. (1993), Chhabra and Dadhwal (2004), and Shrestha and Singh (2008).
b Values are derived from Shrestha and Singh (2008), and Venkataraman et al. (2006).
c Values are derived from Christian et al. (2003), Hashimotio et al. (2000), and Singh and Yadava (1974).
d Values are derived from FAO (2006), Koopmans and Koppejan (1997), and Yevich and Logan (2003).
The amount of dry-matter agricultural residue burned
in open ﬁelds was determined from crop production, the
residue-to-production ratios, and the percentage of dry-
matter residue that was burned in the ﬁeld (Yevich and Lo-
gan, 2003). The crop production data for each country were
gathered from the FAO Statistical Yearbook (FAO, 2006).
For Asian countries, the percentage of agricultural residue
burned in the ﬁeld was reported by Yevich and Logan (2003),
who also summarised the residue-to-production ratios for in-
dividual crops in developing countries. For those values that
were not included in the study by Yevich and Logan (2003),
we used the data from previous studies in Asia (Koopmans
and Koppejan, 1997).
Peat combustion makes a large contribution to the total
ﬁre emissions in Southeast Asia, especially under EI Ni˜ no
conditions (Boehm et al., 2001; Page et al., 2002). How-
ever, it is difﬁcult to assess the peat quality (i.e., bulk density
or carbon content) and the depths to which peat is burned;
these uncertainties result in signiﬁcant variability in emis-
sion estimates (Shimada et al., 2000; Page et al., 2002; Ito
and Penner, 2004). Brown et al. (1993) assessed the trop-
ical Asian SOC density based on the database of Zinke et
al. (1984) and suggested a value of 14.8kgCm−2 for a depth
of 1m. Supardi et al. (1993) gave a biomass loading value
of 97.5kgm−2 for dry peat with a thickness of 1.5m. Bat-
jes (1996) derived the average SOC density for different ver-
tical depths on a global scale based on the World Inventory
of Soil Emission Potential Database (WISE) proﬁle dataset
and the FAO Soil Map of the World. However, as these
authors did not consider the regional differences in micro-
climate, parent material, and land use for soils, these data
was not suitable for national evaluations (Batjes, 1996). Shi-
mada et al. (2000) estimated that the carbon density ranged
from 48.7kgCm−3 to 87.8kgCm−3 for different peatland
types in Central Kalimantan, Indonesia. As these were re-
cent studies, we also used a mean value of 63.65kgCm−3
as the SOC density in equatorial Asian peatland. The com-
bustion efﬁciency in peat is often expressed in terms of the
thickness of peat burned away (Heil, 2007), which varied be-
tween 20–150cm (Boehm et al., 2001) and 25–85cm (Page
et al., 2002) based on Indonesian ﬁeld measurements. In our
calculations, a single average peat burn depth of 51cm was
applied (Page et al., 2002).
3 Results and discussion
3.1 Burned area
Table 3 presents the burned area estimates derived from
L3JRC and MCD45A1 products over seven ﬁre years
from 2000 to 2006. The annual mean L3JRC and
MCD45A1 burned areas for these years were 43514 and
81556km2 yr−1, respectively. The interannual variations
for these two burned-area products were also signiﬁcantly
different. The smallest L3JRC burned area occurred in
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Table 3. Total burned area and biomass burned derived from L3JRC and MCD45A1 burned-area products during seven ﬁre years from 2000
to 2006 in tropical Asiaa.
Fire year 2000 2001 2002 2003 2004 2005 2006 Average
L3JRC
Forest 6364, 13 6803, 18 4911, 51 6122, 27 5984, 50 4763, 48 4807, 43 5679, 36
Shrubland 1831, 4 2288, 10 1649, 21 2011, 6 2656, 23 1263, 6 1540, 13 1891, 12
Grassland 6203, 6 6365, 6 4185, 5 5995, 6 6139, 7 3832, 4 5440, 7 5451, 6
Cropland 28810, 12 36169, 20 26282, 29 33142, 16 31187, 29 25424, 13 26717, 22 29676, 20
Other 753, 0.2 679, 0.2 586, 0.4 1044, 0.4 854, 0.3 749, 0.2 1051, 0.3 816, 0.3
Total 43961, 36 52303, 54 37613, 108 48315, 56 46821, 109 36031, 72 39554, 85 43514, 74
MCD45A1
Forest 7044, 12 8057, 17 7518, 50 10553, 21 14863, 43 6202, 13 9790, 29 9147, 26
Shrubland 3895, 6 5553, 10 4974, 25 5933, 9 13072, 26 4829, 8 8533, 17 6684, 14
Grassland 6977, 9 7011, 7 6189, 9 8487, 12 12975, 19 6232, 8 8443, 12 8045, 11
Cropland 39155, 16 33805, 16 45839, 42 60346, 24 107707, 49 56980, 15 58365, 33 57457, 28
Other 140, 0.03 363, 0.14 279, 0.08 111, 0.05 350, 0.19 173, 0.09 145, 0.07 223, 0.09
Total 57210, 43 54790, 49 64799, 126 85430, 67 148967, 136 74417, 44 85277, 91 81556, 79
a Burned area (km2), biomass burned (Tg) (comma delimited). L3JRC data for March 2000 and MCD45A1 data for March 2000, June 2001
are missing.
the ﬁre year 2005, and the largest in 2001. In contrast,
the smallest and largest MCD45A1 burned areas were in
the ﬁre years 2001 and 2004, respectively. As shown
in Fig. 2, the L3JRC burned areas were mainly concen-
trated in central India and eastern Cambodia, whereas,
other than the extensive burning observed in India and
Cambodia, the MCD45A1 product showed signiﬁcantly
more extensive burning in Myanmar and Thailand. Ad-
ditionally, moderate burning was observed in the equato-
rial zone from the two products. For L3JRC, the burned
area in India contributed 29228km2 yr−1 (67%), Myanmar
contributed 3899km2 yr−1 (9%), Cambodia 3228km2 yr−1
(7%), Nepal 2678km2 yr−1 (6%), Indonesia 1669km2 yr−1
(4%), and Thailand contributed 1287km2 yr−1 (3%). For
MCD45A1, the burned area occurring in India was also
the largest, contributing 34184km2 yr−1 (42%), followed
by 16700km2 yr−1 (20%) from Myanmar, 12249km2 yr−1
(15%) from Cambodia, and 11125km2 yr−1 (14%) from
Thailand. Burned areas in Indonesia and Nepal accounted
for only approximately 2% (2008km2 yr−1) and 0.5%
(429km2 yr−1) of the total MCD45A1 burned area.
The annual estimates for the burned areas corresponding
to each vegetation type are also summarised in Table 3. The
average annual L3JRC burned areas for forest, shrubland,
grassland, and cropland were 5679 (13%), 1891 (4%), 5451
(12%), and29676km2 yr−1 (68%), respectively, whereasthe
corresponding average MCD45A1 burned areas were 9147
(11%), 6684 (8%), 8045 (10%), and 57457km2 yr−1 (70%).
Overall, the majority of the burned area in tropical Asia oc-
curred within cropland, followed by forest, grassland, and
then shrubland. The large area of burned cropland can be
attributed to numerous ﬁres related to slash-and-burn agri-
cultural practices and land clearing, especially during par-
ticularly dry weather conditions. However, signiﬁcant ar-
eas of agricultural burning may not have been detected be-
cause small agricultural ﬁres are difﬁcult to detect by satel-
lites (Roy et al., 2008; Tansey et al., 2008). Forest ﬁres were
mostly associated with poor logging and with land being
cleared for agricultural use in tropical regions (Crutzen and
Andreae, 1990; Langner and Siegert, 2009). The GBA2000
database reported a burned area of 17000km2 in forested re-
gions (including an unspeciﬁed part of China) for the calen-
dar year 2000 (Ito and Penner, 2004). The MCD45A1 burned
area of 7044km2 and the L3JRC burned area of 6364km2
for forested land in the ﬁre year 2000 were both typically
smaller than the GBA2000 results. In addition, according
to the peat distribution map provided by FAO (2003), an
average L3JRC burned area of 674km2 yr−1 was measured
within peat regions, whereas the mean area of burned land
in peat, as shown by MCD45A1 was 317km2 yr−1. Further-
more, nearly all of the peat burning was observed in Indone-
sia. Indonesia is reported to possess approximately 80% of
total peatland in Southeast Asia (Rieley and Page, 2005), and
due to the damage caused by illegal logging and drainage,
Indonesian peatland is more susceptible to ﬁre, especially
during the EI Ni˜ no period (Page et al., 2002; Langner
and Siegert, 2009). Although the L3JRC and MCD45A1
burned areas in Indonesia were comparable (1669km2 yr−1
vs. 2008km2 yr−1), L3JRC showed more burning in peat ar-
eas than did MCD45A1. However, according to the ATSR
ﬁre count data provided by the RETRO inventory (reanaly-
sis of the tropospheric chemical composition) over the past
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Fig. 2. Spatial distribution of L3JRC (left) and MCD45A1 (right) burned areas in tropical Asia during seven ﬁre years (2000–2006) (L3JRC
data for March 2000 and MCD45A1 data for March 2000, June 2001 are missing). Burned areas are illustrated by a colour scale according
to the proportion of area burned per 0.5-degree cell.
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Fig. 2. Continued.
41 years, an average area of 3000km2 was burned per year
within Indonesian peatland between 2000 and 2006 (Heil,
2007). Therefore, the L3JRC and MCD45A1 results may
both signiﬁcantly underestimate the burned peat areas.
According to Fig. 3, the peak month of L3JRC and
MCD45A1 burned areas in tropical Asia was observed dur-
ing February and March. At the country level, the burned
areas derived from L3JRC and MCD45A1 in India often
peaked between March and May, when India experiences
high summer temperatures and dry weather conditions (Ki-
ran Chand et al., 2006). The peak burning month for Myan-
mar was generally in February or March, whereas Cambo-
dia’s peak burning month was in January or February. The
peak month of burned area in Thailand generally occurred
during January through March, which is the local dry sea-
son (www.dnp.go.th/forestﬁre/Eng/description.htm). Simi-
lar temporal patterns of biomass burning in these regions
have been found by a number of previous studies (e.g., Dun-
can et al., 2003; Tansey et al., 2004; Roy et al., 2008). As
mentioned above, the sum of the burned areas in these four
countries comprised 86% and 91% of the total L3JRC and
MCD45A1 burned areas in tropical Asia, respectively, and
it would seem that the seasonal pattern of biomass burning
in tropical Asia was in great part attributable to the temporal
distribution of burning in these countries. It is worth noting
that the peak month of L3JRC and MCD45A1 burned areas
in the Indonesia and Malaysia region was observed during
August–October, the Southern Hemisphere dry season (Dun-
can et al., 2003).
The annual amounts of biomass burned in tropical Asia
for the seven ﬁre years are summarized for each vegetation
type in Table 3. The amount of biomass burned as calcu-
lated from L3JRC (74Tgyr−1) was comparable to that from
MCD45A1 (79Tgyr−1), and they showed similar interan-
nual variation, with a maximum in the ﬁre year 2004 and
a minimum in 2000. Of the total biomass burned, 28% of
MCD45A1 was attributed to peat burning, whereas 63% of
L3JRC was from peat land. This difference was probably
caused by large burned peat area by L3JRC and high carbon
density of SOC (63.65kgCm−3).
3.2 Comparison of the results from L3JRC and
MCD45A1 with independent reference data
In order to compare L3JRC and MCD45A1 burned-area data
with previous estimates, which have been generally reported
by calendar year (i.e., starting from 1 January), all results
were converted to calendar years.
3.2.1 Total burned area in tropical Asia
First, total L3JRC and MCD45A1 burned-area values for all
tropical Asia during calendar years 2001–2006 were com-
pared with the results reported in the Global Fire Emissions
Database, Version 2 (GFEDv2.1) (Table 4). The GFEDv2.1
inventory for Asia was produced based on calibrating the
MODIS active ﬁre data (van der Werf et al., 2006). The an-
nual L3JRC burned areas ranged from 32713km2 in 2006 to
62277km2 in 2001, whereas the annual MCD45A1 burned
Atmos. Chem. Phys., 10, 2335–2351, 2010 www.atmos-chem-phys.net/10/2335/2010/D. Chang and Y. Song: Estimates of biomass burning emissions in tropical Asia 2343
Table 4. Comparison of the total burned areas (km2) derived from L3JRC and MCD45A1 products with GFEDv2.1 results during calendar
years 2001–2006.
Calendar year 2001 2002 2003 2004 2005 2006 Average
L3JRC 62277 34188 45618 48710 44097 32713 44601
MCD45A1a 67478 71427 64708 126245 114779 76104 86790
GFEDv2.1 103579 118929 86282 168904 131168 123940 122134
a MCD45A1 data for June 2001 are missing.
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Fig. 3. Monthly L3JRC and MCD45A1 burned areas over seven
ﬁre years 2000–2006 in tropical Asia (L3JRC data for March 2000
and MCD45A1 data for March 2000, June 2001 are missing).
areas ranged from 64708km2 in 2003 to 126245km2 in
2004. The annual GFEDv2.1 burned areas ranged from
86282km2 in 2003 to 168904km2 in 2004. Accordingly,
the MCD45A1 and GFEDv2.1 products’ ﬁgures were not
only comparable, but also showed a similar inter-annual vari-
ability, with the minimum burned area in 2003 and the maxi-
mum in 2004. This may be because they were both based on
the MODIS sensor. In contrast, the L3JRC results were sub-
stantially smaller than GFEDv2.1 estimates and exhibited an
entirely different interannual change trend.
Figure 4 shows the correlation between the monthly
burned areas derived in this study (i.e., L3JRC and
MCD45A1burnedareas)andtheGFEDv2.1burnedareasfor
17 countries in tropical Asia from April 2000 to December
2006. The linear regression equation and the coefﬁcient of
determination (R2) for L3JRC and MCD45A1 are reported.
It is noted that the intercept was not included in the regres-
sion equation. The regression line slope for MCD45A1 was
0.516, the R-squared value was 0.392, and the slope and
the R-squared value for L3JRC were 0.187 and 0.191, re-
spectively. This meant that MCD45A1 was only moderately
correlated with GFEDv2.1, with signiﬁcant underestimation,
and no clear relationship was observed between L3JRC and
GFEDv2.1 burned areas.
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(a) L3JRC (blue) and MCD45A1 (red), and GFEDv2.1 estimates
in tropical Asia from April 2000 to December 2006. Small burned
areas are shown in detail in (b). The intercept is not included in the
regression equation.
3.2.2 India
The L3JRC and MCD45A1 burned areas in India for the
years 2001 to 2006 are compared with the GFEDv2.1 results
in Fig. 5a. The results from L3JRC and GFEDv2.1 are com-
parable in 2002 and 2006, whereas in the other years, L3JRC
showed greater burned areas than GFEDv2.1, with the dif-
ferences ranging from 11500km2 in 2005 to 18182km2 in
2000. The MCD45A1 burned areas for 2001 were similar
to those of GFEDv2.1, but MCD45A1 reported signiﬁcantly
larger burned areas in other years, with the differences rang-
ing between 4271km2 in 2002 and 41199km2 in 2005.
Vadrevu et al. (2008) used the ATSR ﬁre count product to
characterize the spatial distribution of wildland ﬁres in India
from February to June 2006. Although the ﬁre counts cannot
determine the actual burned area, they can be used to iden-
tify the spatiotemporal pattern of vegetation ﬁres (Vadrevu et
al., 2008). The contribution of each state to the total L3JRC
and MCD45A1 burned areas in India was evaluated over the
period from February to June 2006 and then compared with
the contribution of each state to the total ATSR ﬁre counts for
the same period (Fig. 5b). As shown, all of the three products
reported signiﬁcant burning in Madhya Pradesh, Maharastra,
Andhra Pradesh, and Karnataka.
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Fig. 5. (a) Comparison of total burned areas (km2) derived from
L3JRC and MCD45A1 products in India with GFEDv2.1 during
2001–2006. (b) Comparison of the contribution of each state with
the total L3JRC and MCD45A1 burned areas and with the to-
tal ATSR ﬁre counts over February–June 2006. (c) Comparison
of the burned forest areas in each state derived from L3JRC and
MCD45A1 with FSI statistics (Bahuguna and Singh, 2002), respec-
tively.
It is noted that in comparison with L3JRC and ATSR,
MCD45A1 showed signiﬁcant burning activity in Punjab
and Haryana (Figs. 2, 5b). As an agriculturally important
state dominated by rice and wheat in Indo-Gangetic Plains,
large sections of Punjab State are completely burned after
the harvest season each year (Biopact team, 2008). Based on
Indian Remote Sensing Satellite (IRS-P6) Advanced Wide
Field Sensor (AWiFS) data, it is estimated that the size of
the agricultural area burned in Punjab during May and Oc-
tober 2005 was 5504 and 12685 km2 respectively (Badari-
nath et al., 2006). This study calculated that the MCD45A1
and L3JRC agricultural burned areas in Punjab for May 2005
were 9509 and 0.84km2, respectively. In October 2005,
MCD45A1 reported an area of 1486km2 burned in cropland
and L3JRC did not detect the burning activity. This shows
that the MCD45A1 data were much more comparable to the
AWiFS data than were those from L3JRC.
Ground studies of open ﬁres in India have been limited
by political intervention and practical difﬁculties, so exist-
ing statistical data tend to be small in scale. National statis-
tics estimated that approximately 14500–37300km2 of In-
dian forest were affected by ﬁres annually (Bahuguna and
Singh, 2002). Since its inception, the Forest Survey of In-
dia (FSI) has reported the extent of forest ﬁres for 19 states.
In order to compare the spatial distribution of Indian for-
est ﬁres with FSI statistics, we calculated the mean areas
of forest burned each year using L3JRC and MCD45A1 for
each state for the calendar years between 2001 and 2006
(Fig. 5c). MCD45A1 and L3JRC both performed well in the
regions that experienced extensive forest ﬁres, e.g., Madhya
Pradesh, Maharashtra, Andhra Pradesh, and Orissa. Else-
where, MCD45A1 reported signiﬁcantly more burned forest
areas than did L3JRC. In other regions with signiﬁcant burn-
ing, i.e., Uttar Pradesh, Himachal Pradesh, and Rajasthan,
the MCD45A1 product missed a large number of forest ﬁres.
This is probably due to persistent cloud cover during the
burning season, which leads to insufﬁcient cloud-free data to
derive the burned-area algorithm (Roy et al., 2008). Further-
more, the L3JRC product was originally developed for use
on boreal forest, which may explain its better performance in
the forested regions (Tansey et al., 2008).
3.2.3 Indonesia
The areas of burned land determined by L3JRC and
MCD45A1 in Indonesia for 2001–2006 were compared with
theresultsdevelopedfromGFEDv2.1data(seeTable5). The
mean burned areas per year from L3JRC and MCD45A1
were 1795 and 2244km2, respectively. The correspond-
ing GFEDv2.1 result, with an average of 20717km2 yr−1,
was 12 times higher than that from L3JRC and 9 times
higher than that from MCD45A1. Similar inter-annual
variability was shown by L3JRC and MCD45A1, with the
two years of extensive burning (2002 and 2006) caused by
EI Ni˜ no conditions (Langner and Siegert, 2009). How-
ever, in addition to the increased burning detected in 2002
and 2006, GFEDv2.1 showed signiﬁcant burning activity
in 2005, which, according to the ATSR ﬁre count data,
was the least extensive ﬁre year between 2001 and 2006
(Langner and Siegert, 2009). Therefore, on some occasions
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Table 5. Comparison of total burned areas (km2) derived from L3JRC and MCD45A1 products in Indonesia with GFEDv2.1 results during
2001–2006.
Calendar year 2001 2002 2003 2004 2005 2006 Average
L3JRC 1084 2526 1281 2285 1182 2410 1795
MCD45A1a 809 4455 1220 2337 1012 3632 2244
GFEDv2.1 4617 24180 9410 19348 24449 42300 20717
a MCD45A1 data for June 2001 are missing.
Table 6. Comparison of total burned areas and burned forest areas (km2) derived from L3JRC and MCD45A1 products in Thailand with
other estimates during 2001–2006a.
Calendar year 2001 2002 2003 2004 2005 2006 Average
Total burned area
L3JRC 2045 479 1579 1324 1619 863 1318
MCD45A1 13825 11201 7826 16412 14676 6099 11673
GFEDv2.1 14093 15744 11313 25957 22124 11062 16259
Burned forest area
L3JRC 125 41 82 157 199 58 110
MCD45A1 725 680 221 1377 928 408 723
Statisticsb 762 1394 158 323 303 86 504
aMCD45A1 data for June 2001 are missing.
bFrom Forest Fire Control Division (FFCD), Thailand, available at: http://www.dnp.go.th/ForestFire/Eng/ﬁre%20statistic.htm.
Table 7. Comparison of total burned areas and burned forest areas (km2) derived from L3JRC and MCD45A1 products in Bhutan with other
estimates during 2001–2006a.
Calendar year 2001 2002 2003 2004 2005 2006 Average
Total burned area
L3JRC 483 339 174 246 256 299 300
MCD45A1 37 25 7 16 8 38 22
GFEDv2.1 188 88 23 35 36 122 82
Burned forest area
L3JRC 310 229 122 163 156 204 197
MCD45A1 18 18 5.6 8.5 4.2 23 13
Statisticsb 233 146 57 26 – – 116
a MCD45A1 data for June 2001 are missing.
b From International Forest Fire News (Dorji, 2006).
the GFEDv2.1 may overestimate the burned area in Indone-
sia. The RETRO biomass-burning inventory showed that an
average of 10000km2 was burned annually in Indonesia be-
tween 2000 and 2006 (Heil, 2007). Therefore, both L3JRC
and MCD45A1 products may have signiﬁcantly underesti-
mated the burned area in the equatorial zone and may need
further evaluation with reliable ground observations.
3.2.4 Thailand
The total burned areas in Thailand derived from L3JRC and
MCD45A1 products were compared with the results from
GFEDv2.1 for the interval 2001–2006 (Table 6). The total
annual area burned, as shown by L3JRC, ranged between
479km2 in 2002 and 2045km2 in 2001. This is lower than
the estimates from GFEDv2.1, which range from 11062km2
in 2006 to 25957km2 in 2004, by a factor of seven to 33.
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Table 8. Summary of ﬁre emissions (Tg) in tropical Asia during ﬁre years from 2000–2006.
Species CO2 CO CH4 NMHCs NOx NH3 SO2 BC OC PM2.5 PM10
L3JRC
2000 68 5 0.3 0.5 0.07 0.2 0.02 0.020 0.2 1.4 1.6
2001 96 8 0.6 1.1 0.10 0.5 0.03 0.022 0.3 2.2 2.4
2002 169 18 1.6 3.2 0.13 1.5 0.06 0.020 0.6 5.1 5.5
2003 97 8 0.6 1.2 0.09 0.6 0.03 0.022 0.3 2.4 2.6
2004 175 18 1.5 3.0 0.14 1.4 0.06 0.024 0.6 5.2 5.6
2005 117 11 1.0 1.9 0.10 0.9 0.04 0.018 0.4 3.3 3.5
2006 138 14 1.2 2.3 0.11 1.1 0.05 0.021 0.5 3.9 4.3
MCD45A1
2000 66 4 0.2 0.2 0.07 0.1 0.02 0.024 0.21 1.4 1.6
2001 77 5 0.3 0.5 0.08 0.3 0.03 0.024 0.24 1.6 1.8
2002 189 19 1.6 3.2 0.14 1.5 0.07 0.029 0.64 5.7 6.1
2003 104 6 0.3 0.5 0.10 0.2 0.04 0.037 0.33 2.3 2.5
2004 210 16 1.0 1.7 0.19 0.8 0.08 0.060 0.66 5.2 5.6
2005 69 4 0.2 0.4 0.07 0.2 0.02 0.023 0.21 1.5 1.6
2006 139 11 0.8 1.4 0.13 0.7 0.05 0.036 0.45 3.5 3.8
The MCD45A1 burned areas ranged from 6099km2 in 2006
and 16412km2 in 2004 and compared reasonably well to
the GFEDv2.1 results. According to the data from Global
Vegetation Fire Inventory (GVFI), about 13661km2 of land
were burnt in Thailand in 2002, and the average area burned
annually in Thailand was 13661km2 (available from http:
//www.ﬁre.uni-freiburg.de/inventory/gvﬁ.htm). Compared
these data to our results in Table 6, MCD45A1 was in a good
agreement with GVFI, and L3JRC presented large underes-
timation.
A comparison of the burned forest areas in Thailand de-
rived from L3JRC and MCD45A1 with the statistical data
obtained from Forest Fire Control Division (FFCD) is shown
in Table 6. The FFCD data were collected from 120 forest
ﬁre control stations in Thailand, which cover 21% of the na-
tionalforestarea(P.Nhuchaiya, ForestFireControlDivision,
personal communication, 2010). This information could be
the lower limit of the ﬁre-affected area. Accordingly, com-
parison in Table 6 illustrated that there was a signiﬁcant un-
derestimation of burned area for L3JRC.
3.2.5 Bhutan
The total burned area in Bhutan as calculated in this study
was compared with the results from GFEDv2.1 and the total
burned forest areas compared with the statistical data com-
piled by IFFN (Dorji, 2006) (Table 7). The annual mean
L3JRC burned area was 300km2 yr−1, signiﬁcantly greater
than the annual GFEDv2.1 estimate of 82km2 yr−1, whereas
the MCD45A1 burned area was 22km2 yr−1, 60km2 yr−1
lower than the results from GFEDv2.1. However, IFFN
showed that the extent of forest ﬁres in Bhutan for the years
2001, 2002, 2003 and 2004 were 233, 146, 57, and 26km2,
respectively (Dorji, 2006), greater than the total burned areas
calculated from GFEDv2.1 data, with the exception of the
year 2004. This implies that the GFEDv2.1 and MCD45A1
results underestimated the extent of the burned areas in
Bhutan. The burned forest areas derived from L3JRC were
in accordance with the IFFN data, whereas the MCD45A1
was signiﬁcantly lower than the IFFN statistics. These ﬁg-
ures include a forest ﬁre that occurred in the Wangdue dis-
trict during 2006–2007 and burnt approximately 150km2 of
land alone (Dorji, 2006). The burned forest area in 2006
derived from L3JRC was 204km2, but was 23km2 from
MCD45A1. As a consequence, the L3JRC results for Bhutan
are more comparable to the statistical data than are those
from MCD45A1, which showed a signiﬁcant underestima-
tion, especially within forested regions.
3.3 Fire emissions
The total emissions from open biomass burning for each
species (CO2, CO, CH4, NMHCs, NOx, NH3, SO2, BC, OC,
PM2.5, and PM10) during the seven ﬁre years from 2000 to
2006 derived from the L3JRC and MCD45A1 products are
presented in Table 8. As shown, the L3JRC-based ﬁre emis-
sions were comparable to, and even somewhat larger than,
those from MCD45A1. This should perhaps have been ex-
pected considering that the estimations of burned biomass
made by L3JRC and MCD45A1 were comparable. Taking
CO as an example, of the total L3JRC-derived emission of
12TgCOyr−1, 8Tg (72%) was from peat burning, whereas
4Tg (28%) was from aboveground vegetation ﬁres. The total
MCD45A1-based emission was 9TgCOyr−1, of which 4Tg
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Table 9. Summary of annual emissions (Tgyr−1) for seven major species for each vegetation type over seven ﬁre years from 2000–2006.
Species CO2 CO NMHCs NOx SO2 PM2.5 PM10
L3JRC
Forest 58 5.9 1.06 0.05 0.02 1.7 1.8
Shrubland 18 2.0 0.35 0.01 0.01 0.6 0.6
Grassland 12 0.7 0.05 0.01 0.00 0.3 0.3
Cropland 34 2.9 0.43 0.03 0.01 0.9 0.9
MCD45A1
Forest 41 3.4 0.44 0.04 0.01 1.2 1.3
Shrubland 22 1.9 0.21 0.02 0.01 0.5 0.6
Grassland 17 1.1 0.07 0.02 0.01 0.4 0.5
Cropland 41 3.0 0.39 0.04 0.01 0.9 1.0
(42%) was caused by peat burning, and 5Tg (58%) was due
to aboveground vegetation ﬁres. The higher percentage of
burning activity in peatland areas detected by L3JRC com-
pared with that shown by MCD45A1 may explain the con-
trast between the emissions derived from L3JRC and from
MCD45A1.
Compared with the spatial distribution of the burned ar-
eas, ﬁre emissions from tropical Asia presented a different
pattern. Indonesia was shown to be the most signiﬁcant con-
tributor to the emissions, followed by India, Myanmar, and
Cambodia, in order of decreasing magnitude. Using CO as
an illustrative example, the L3JRC-derived emissions in In-
donesia, India, Myanmar, and Cambodia accounted for ap-
proximately 73%, 13%, 3.5%, and 3.0% of the total emis-
sions, respectively, whereas the corresponding MCD45A1-
derived emissions for these four countries were 44%, 14%,
16%, and 11%, respectively. It is worth noting that, of the
total Indonesian emissions of 8.5TgCOyr−1 for L3JRC and
4.1TgCOyr−1 for MCD45A1, peat burning made the ma-
jor contribution (97% for L3JRC and 95% for MCD45A1).
This highlights the importance of organic carbon in soil with
respect to biomass burning in equatorial Asia (Page et al.,
2002).
The average annual emissions for the major species within
forest, shrubland, grassland, and cropland are listed in Ta-
ble 9. On the whole, forest was the largest contributor to
ﬁre emissions, representing a large carbon pool, followed
by cropland, shrubland, and, ﬁnally, grassland. However,
the emissions from crop residue combustion in tropical Asia
may be greatly underestimated due to the fact that the agri-
cultural fuel loading has been estimated to be 4–5kgm−2
(Levine, 1999; Heil, 2007), whereas the mean available fuel
load used in this study was 0.13kgm−2. This difference
may be due to the fact that only the ﬁeld crop residue was
taken into account in our study as most agricultural burning
in Asia occurs after the harvest season, when most farmers
burn off the crop residue to get rid of it. The agricultural fu-
els in Levine (1999) included the biomass in plantation areas
(mainly rubber trees and oil palms), and the agricultural fuel
loading in Heil (2007) contained many other nonagricultural
fuels in grassland and savannah. The biomass density for
these fuels is higher than that for crop residue.
Inventories of emissions from biomass burning for all of
Asia during the mid-1990s have been established in sup-
port of the ACE-Asia and Trace-P campaigns (Streets et
al., 2003). The emission estimates from agricultural and
non-agricultural burning in tropical Asia calculated in this
study are compared with the emission inventory of Streets
et al. (2003) in Table 10. As shown, their results were 1–
16 times higher than estimates in this study. This signif-
icant difference was mostly caused by the distinct burning
data used in estimating ﬁre emissions. The emission in-
ventories for forest and savannah burning in tropical Asia
were based on burning data from the 1950s to the 1990s,
which were representative of local burning information dur-
ing mid-1970s and signiﬁcantly higher than the results from
recent studies (e.g., Ito and Penner, 2004). It is estimated
that burning activities have changed drastically over the last
three decades (Streets et al., 2003), and consequently, the
discrepancy between their results and the estimates made in
this study were to be expected. The emissions from agricul-
tural residue combustion in Streets et al. (2003) were also
substantially higher than the estimates made in this study.
This may be because their data on the amount of combusted
crop residue were from the FAO statistics, which were sig-
niﬁcantly larger than those derived from the satellite-based
data used in this study. The GFEDv2.1 results showed that
the total CO emissions from tropical Asian biomass burning
were 248, 441, 754, 350, 744, 745, and 1116Tg for the cal-
endar years 2000 to 2006, respectively (van der Werf et al.,
2006), which are 54 times higher than L3JRC-derived CO
emissions and 64 times higher than MCD45A1-derived CO
emissions. Hoelzemann et al. (2004) calculated that 18.7Tg
of CO and 0.42Tg of NOx were released through biomass
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Table 10. Comparison of the ﬁre emissions (Tgyr−1) calculated in our study with other published estimates in tropical Asia.
Species CO2 CO CH4 NMHCs NH3 SO2 BC OC
Forest/Shrub/Grassland burning
L3JRC 88 8.6 0.74 1.47 0.68 0.031 0.014 0.31
MCD45A1 81 6.3 0.43 0.73 0.36 0.029 0.021 0.26
Streets et al. (2003)a 573 35 2.06 6.44 0.46 0.21 0.22 1.93
Crop residue burning
L3JRC 34 2.9 0.23 0.43 0.21 0.01 0.01 0.11
MCD45A1 41 3.0 0.20 0.39 0.18 0.01 0.01 0.13
Streets et al. (2003)a 197 12 0.35 2.0 0.17 0.05 0.09 0.43
a From Center for Global and Regional Environmental Research, available at: http://www.cgrer.uiowa.edu/EMISSION DATA new/.
burning in Southern Asia during calendar year 2000. How-
ever, the CO and NOx emissions derived from L3JRC for
ﬁre year 2000 were 5 and 0.07Tg, respectively, and 4 and
0.07Tg for MCD45A1. Both L3JRC- and MCD45A1-based
emissionestimatesweresigniﬁcantlylowerthanthoseinpre-
vious studies. A comparison of the data used in calculating
ﬁre emissions suggested that the available fuel load values in
this study, especially for forested regions, were smaller than
those used in Hoelzemann et al. (2004) and van der Werf et
al. (2006). The biomass density data used in this study were
taken from previous studies, but the biomass density data in
Hoelzemann et al. (2004) and van der Werf et al. (2006) were
predicted from ecological models. Besides, the literature
data used in our study only assessed the biomass density for
trees above a certain diameter (Brown et al., 1993; Brown,
1997) and consequently excluded most ﬁre-susceptible parts
of the vegetation (Hoelzemann et al., 2004).
The monthly variations in CO emissions derived from the
L3JRC and MCD45A1 burned-area products from March
2000 to February 2007 are shown in Fig. 6. Generally, two
peaks in CO emissions were observed, one during February
and March, and another during August–October. The ﬁrst
peak was attributed to aboveground vegetation ﬁres, whereas
the second was attributed to SOC burning. As mentioned in
Sect. 3.1, the peak in burned areas often occurred in Febru-
ary and March and, accordingly, the seasonal distribution of
emissions from overlying biomass combustion was consis-
tent with that of burned areas. As most peat combustion in
Indonesia and Malaysia generally occurred during extensive
ﬁre activity between August and October, the fact that max-
imum CO emissions from peat burning also occurred in the
late ﬁre season was to be expected. Heil (2007) also stated
that the contribution of peat combustion to Indonesian CO
emissions tended to rise when enhanced ﬁre activities oc-
curred during the late burning season owing to the intensi-
ﬁcation and prolongation of drought conditions.
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Fig. 6. Temporal distribution in CO emissions derived from L3JRC
and MCD45A1 during ﬁre years 2000–2006.
3.4 Emission uncertainties
The uncertainty associated with the emission ﬁgures results
from the uncertainties surrounding the size of the burned
area, fuel load, CF, and EF. Comparison of L3JRC and
MCD45A1 data with reference data suggested MCD45A1
generally performed better than L3JRC, but underestimated
the burning in forest. It is difﬁcult to assess the uncer-
tainty of the satellite-derived data for area of burned land
(Hoelzemann et al., 2004), and the combustion factor was
estimated from empirical formulae. Thus, the uncertainties
in this study were mainly caused by fuel load and emission
factor. We assumed that the fuel load obeyed a Gaussian
normal distribution with a standard deviation of 50% of the
mean value. Typically, the uncertainty surrounding the emis-
sion factor was in the order of 20–30% (Hoelzemann et al.,
2004). Within this study, 20000 Monte Carlo simulations
were performed to try to estimate the range of ﬁre emissions
with a 90% conﬁdence interval and the results are presented
in Table 11.
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Table 11. Summary of the emission ranges (Tgyr−1) for each
species (90% conﬁdence interval).
Species L3JRC MCD45A1
CO2 102–152 108–144
CO 9–15 7.7–11.7
CH4 0.7–1.3 0.46–0.86
NMHCs 1.4–2.6 0.8–1.6
NOx 0.09–0.12 0.10–0.13
NH3 0.63–1.21 0.38–0.76
SO2 0.036–0.053 0.038–0.051
BC 0.021–0.023 0.032–0.037
OC 0.34–0.52 0.34–0.47
PM2.5 2.6–4.3 2.6–3.7
PM10 2.8–4.7 2.8–4.0
4 Conclusions
In this study, emissions from open biomass burning in trop-
ical Asia were estimated for seven ﬁre years from 2000 to
2006, taking advantage of recently released satellite prod-
ucts: the 1-km L3JRC burned-area product and 500-m
MODIS product (MCD45A1). Throughout this period, the
average annual L3JRC-derived data for total area burned was
43514km2 yr−1, and the average annual MCD45A1 burned
area was 85277km2 yr−1. For the two satellite products,
the burned areas were predominantly concentrated in crop-
land, followed by forest, grassland, and then shrubland. This
study compared the burned areas derived from the two prod-
ucts with previously published ﬁre data for India, Indonesia,
Thailand, Bhutan, and for the whole of tropical Asia. Valida-
tion results suggested that the MCD45A1 product was gen-
erally better than L3JRC with the under-detection in forested
region. The average annual L3JRC-based CO2, CO, CH4,
NOx, BC, OC, and PM2.5 emissions were 123 (102–152),
12 (9–15), 1.0 (0.7–1.3), 0.11 (0.09–0.12), 0.021 (0.021–
0.023), 0.41 (0.34–0.52), and 3.4 (2.6–4.3) Tgyr−1, respec-
tively, whereas the average annual MCD45A1-based emis-
sions were 122 (108–144), 9.3 (7.7–11.7), 0.63 (0.46–0.86),
0.11 (0.10–0.13), 0.033 (0.032–0.037), 0.39 (0.34–0.47), and
3.0 (2.6–3.7) Tgyr−1. Indonesia, India, Myanmar, and Cam-
bodia were the main contributors to ﬁre emissions. In addi-
tion, the majority of ﬁre emissions were attributed to forest
ﬁres, followed by cropland, shrubland, and grassland ﬁres.
Nevertheless, the inﬂuence of agricultural burning may have
been signiﬁcantly underestimated due to the difﬁculty of de-
tecting small-sized ﬁres by satellite sensors. The peak month
for area burned, according to the L3JRC and MCD45A1
products, was typically in February–March, whereas two
peaks in ﬁre emissions were observed: one during February–
March associated with aboveground vegetation burning, and
another during August–October caused by peat combustion.
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